Myxozoans are a diverse group of microscopic endoparasites that have been the focus of much controversy regarding their phylogenetic position. Two dramatically different hypotheses have been put forward regarding the placement of Myxozoa within Metazoa. One hypothesis, supported by ribosomal DNA (rDNA) data, place Myxozoa as a sister taxon to Bilateria. The alternative hypothesis, supported by phylogenomic data and morphology, place Myxozoa within Cnidaria. Here, we investigate these conflicting hypotheses and explore the effects of missing data, model choice, and inference methods, all of which can have an effect in placing highly divergent taxa. In addition, we identify subsets of the data that most influence the placement of Myxozoa and explore their effects by removing them from the data sets. Assembling the largest taxonomic sampling of myxozoans and cnidarians to date, with a comprehensive sampling of other metazoans for 18S and 28S nuclear rDNA sequences, we recover a well-supported placement of Myxozoa as an early diverging clade of Bilateria. By conducting parametric bootstrapping, we find that the bilaterian placement of Buddenbrockia could not alone be explained by long-branch attraction. After trimming a published phylogenomic data set, to circumvent problems of missing data, we recover the myxozoan Buddenbrockia plumatellae as a medusozoan cnidarian. In further explorations of these data sets, we find that removal of just a few identified sites under a maximum likelihood criterion employing the Whelan and Goldman amino acid substitution model changes the placement of Buddenbrockia from within Cnidaria to the alternative hypothesis at the base of Bilateria. Under a Bayesian criterion employing the CAT model, the cnidarian placement is more resilient to data removal, but under one test, a well-supported early diverging bilaterian position for Buddenbrockia is recovered. Our results confirm the existence of two relatively stable placements for myxozoans and demonstrate that conflicting signal exists not only between the two types of data but also within the phylogenomic data set. These analyses underscore the importance of careful model selection, taxon and data sampling, and in-depth data exploration when investigating the phylogenetic placement of highly divergent taxa.
Introduction
Myxozoa is a diverse phylum comprising more than 1,350 described species of microscopic obligate endoparasites, several of which can cause disease in a number of economically important fish (reviewed in Kent et al. 2001) . Resolving the phylogenetic position of Myxozoa has been difficult in large part due to a paucity of morphological characters and, more recently, the discovery of the clade's highly divergent DNA sequences. Historically, myxozoans were thought to be protists (class Myxosporea Butschli, 1881) , but a number of described putative metazoan characteristics led many to question this classification (reviewed in Siddall et al. 1995; Kent et al. 2001; Canning and Okamura 2004) . Included among these characteristics are multicellularity (Štolc 1899; Weill 1938 ) and the presence of tight junctions, collagen (Siddall et al. 1995) , and polar capsules, structures bearing remarkable similarity to the stinging nematocysts of cnidarians (Štolc 1899; Weill 1938) . Phylogenetic analyses of 18S ribosomal DNA (rDNA) confirmed a metazoan origin (Smothers et al. 1994 ), but placement within Metazoa was controversial (e.g., Siddall et al. 1995; Hanelt et al. 1996) .
Although debate developed around this new view of Myxozoa, analyses of 18S rDNA proved informative at resolving relationships within this clade. This included confirmation that most myxozoans likely parasitize both vertebrate (usually fish) and invertebrate hosts and that specimens once thought to belong to entirely different classes were in fact different stages of the same species (Wolf and Markiw 1984; Andree et al. 1997) . In addition, 18S data revealed that the myxozoan class Myxosporea (1,350þ spp), which primarily utilizes aquatic oligochaetes as invertebrate hosts, forms two well-supported clades, one of predominantly marine taxa and the other freshwater (Kent et al. 2001; Fiala 2006; Bartosov et al. 2009 ). The second myxozoan class, Malacosporea (Canning et al. 2000) exclusively infects freshwater bryozoans as invertebrate hosts. At present, just three malacosporean species are described, including the highly enigmatic Buddenbrockia plumatellae, which displays a peculiar vermiform (wormlike) stage in its life cycle (Canning et al. 2000; Monteiro et al. 2002; Okamura et al. 2002; Canning et al. 2002; Canning and Okamura 2004) .
The discovery of the vermiform stage in Buddenbrockia, which possesses four longitudinal muscle blocks, was used as evidence that myxozoans were bilaterians (Monteiro et al. 2002; Okamura et al. 2002) . In addition, bilaterian-like Hox genes were characterized in Buddenbrockia (Anderson et al. 1998) , although it was later reported that these genes were likely of bryozoan host tissue origin (Jiménez-Guri et al. 2007) . Although Buddenbrockia superficially resembles a bilaterian worm, it has a highly aberrant development that lacks coherent cleavage stages (Canning et al. 2008) . Instead, early multicellular stages develop from unicellular amoeboid-like cells present in the basal lamina of the host's body wall (Morris and Adams 2007; Canning et al. 2008) . Division of the amoeboid-like cells results in a complex of initially unconnected cells, and the formation of cell junctions then establishes tissue layers, forming a stage structurally similar to a solid gastrula (Canning et al. 2008) .
All myxozoans possess polar capsules, which are complex intracellular structures comprised an inverted tubule that, through eversion, is used for host attachment (Štolc 1899; Weill 1938; Lom and de Puytorac 1965; Grasse and Lavette 1978; Cannon and Wagner 2003) . There are striking parallels between the development, morphology and function of myxozoan polar capsules and nematocysts, the stinging structures characteristic of all Cnidaria (Lom and de Puytorac 1965; Siddall et al. 1995; Cannon and Wagner 2003) . In particular, myxozoan polar capsules and nematocysts are similar in overall size, both possess an operculum and inverted tubules that are continuous with the capsule wall, and both discharge in response to mechanical pressure (Cannon and Wagner 2003) . The phylogenetic placement of Myxozoa thus proves critical in assessing the homology of polar capsules and nematocysts and reconstructing the evolutionary history of these complex structures.
Phylogenetic studies using different types of molecular data have thus far failed to come to a consensus on the placement of myxozoans within Metazoa. There currently exist two conflicting hypotheses for the relative placement of Myxozoa. The first hypothesis places Myxozoa as sister to Bilateria. The second hypothesis posits Myxozoa as a highly derived, long-branched, cnidarian clade, likely within Medusozoa (Myxozoa þ Medusozoa).
This Myxozoa þ Bilateria hypothesis is consistent with numerous phylogenetic analyses of 18S rDNA sequences (Siddall et al. 1995; Hanelt et al. 1996; Kim et al. 1999; Siddall and Whiting 1999; Zrzavý and Hypša 2003; Evans et al. 2008) . Specifically, studies employing 18S rDNA recover Myxozoa as the sister taxon to Polypodium hydriforme (Siddall et al. 1995; Hanelt et al. 1996; Kim et al. 1999; Siddall and Whiting 1999; Zrzavý and Hypša 2003; Evans et al. 2008 ), a highly aberrant parasite that infects sturgeon and paddlefish oocytes (Raikova 1994) . The Polypodium þ Myxozoa clade was recovered as the sister taxon to Bilateria in these same analyses (Siddall et al. 1995; Hanelt et al. 1996; Kim et al. 1999; Siddall and Whiting 1999; Zrzavý and Hypša 2003; Evans et al. 2008) . Although Myxozoa and Polypodium both parasitize hosts in freshwater and have nematocyst-like polar capsules (Raikova 1994; Kent et al. 2001) , they have very different overall morphologies. Polypodium, unlike myxozoans, has a free-living stage that displays cnidarian-like features including tentacles and a gut with just one opening (Raikova 1994) . Both Polypodium and myxozoans have highly divergent DNA sequences, and thus, the Myxozoa þ Polypodium clade, as well as its position at the base of the relatively long-branched Bilateria, has been suspected to be an artifact of long-branch attraction (Hanelt et al. 1996; Kim et al. 1999) . Evans et al. (2008) addressed this problem with an increased taxonomic sampling of 18S rDNA from cnidarians. In a maximum likelihood (ML) analysis of 18S rDNA sequences, Polypodium is recovered within Cnidaria, when the long-branched attractor Myxozoa is removed from the analysis (Evans et al. 2008) . Myxozoans, however, remained at the base of Bilateria, with or without Polypodium (Evans et al. 2008) .
The Myxozoa þ Medusozoa hypothesis was originally proposed by Siddall et al. (1995) who analyzed 18S rDNA data combined with morphological characters (including nematocysts). Siddall et al. (1995) recovered Myxozoa þ Polypodium as sister to Bilateria when they used parsimony on a fixed alignment of the rDNA. However, when they simultaneously estimated alignment and tree for the rDNA data (Wheeler 1996) and when they combined the fixed alignment of rDNA sequences with morphological data, Siddall et al. (1995) recovered the Myxozoa þ Polypodium group within Cnidaria.
A recent phylogenomic study also supports the Myxozoa þ Medusozoa hypothesis (Jiménez-Guri et al. 2007 ). This study analyzed an amino acid (AA) matrix of 129 protein-coding genes for 60 opisthokont taxa including Buddenbrockia. Bayesian inference results found that Buddenbrockia falls as the sister taxon to Medusozoa with a 0.97 posterior probability. However, ML analyses with a Whelan and Goldman (WAG) þ C model recovered only 70% bootstrap support for this node and a statistical topological test could not reject a number of alternative placements, including a bilaterian origin for Buddenbrockia (Jiménez-Guri et al. 2007) . As is often the case with phylogenomic studies (e.g., Philippe et al. 2004; Dunn et al. 2008) , the AA matrix in the Jiménez-Guri et al. (2007) study contains a substantial amount of missing data. Most notable, 74% of the 29K characters in this matrix are missing for Buddenbrockia, suggesting that missing data may have affected its phylogenetic placement. A recent study provides compelling evidence that significant levels of missing data can produce strongly misleading results because of its effects on the modeling of among-site rate variation (Lemmon et al. 2009 ). Specifically, this study suggests that under both Bayesian and ML criteria, significant levels of Evans et al. · doi:10.1093/molbev/msq159 MBE missing data can repel sister clades, attract distantly related taxa, and significantly overestimate support statistics. Given Myxozoa's highly divergent sequences, further investigations exploring the effects of missing data seem prudent.
Although both competing hypotheses of the phylogenetic placement of Myxozoa were made clear by Jiménez-Guri et al. (2007) , exploration of the conflict between the reported phylogenomic results and the existing 18S data was outside the scope of their study. Examination of this conflict is thus still warranted and presents a unique opportunity to investigate the placement of Myxozoa and explore the apparent discord between phylogenomic AA data and rDNA nucleotide data. In this study, we address the competing molecular hypotheses of myxozoan placement: the Myxozoa þ Bilateria relationship, which is supported by studies employing a comprehensive taxon sampling using a single marker (18S rDNA) versus the Myxozoa þ Medusozoa relationship, supported by a phylogenomic approach employing limited taxon sampling of numerous protein-coding markers (Jiménez-Guri et al. 2007 ). Specifically, we utilized a number of different optimization approaches, statistical tests, and data exploration to explore the conflict inherent in the differences in the type of data and identify potential problems that could arise though different models and statistical methods applied to these different data sets.
For the rDNA data set, we added an additional marker to compile a matrix of combined 18S and 28S rDNA sequences with the most extensive coverage of myxozoans to date, a large taxonomic sampling of medusozoan cnidarians and a comprehensive sampling of metazoan taxa. For the phylogenomic data set, we aimed to circumvent the effects of missing data on the placement of Buddenbrockia by removing sequence data that was missing from Buddenbrockia from the other taxa in the published AA matrix of Jiménez-Guri et al. (2007) . This trimming also substantially minimizes the proportion of missing characters for most other taxa. We also explored the data by identifying the influence of particular sites on the relative placement of myxozoans. In addition, we evaluate the performance of different models and optimization methods for recovering a stable placement of this highly divergent taxon.
Material and Methods

Taxonomic Sampling and Data Assembly
We assembled four separate data sets for our analyses. For the first, we modified the published phylogenomic matrix of Jiménez-Guri et al. (2007) (the study of Jiménez-Guri et al. 2007 is herein referred to as JG07), kindly provided by the authors. The original data set includes 60 operational taxonomic units (OTUs), and 129 protein-coding genes comprising a total of 29,773 AAs. A number of OTUs had a substantial level of missing data, the most significant being Buddenbrockia with 74% of its characters missing. To tests the effects of missing data on the placement of Buddenbrockia and to circumvent potential biases introduced by missing data for our investigations, we trimmed JG07's phylogenomic AA data set to 7,776 aligned AA positions representing only the sequences for which nearcomplete coverage of Buddenbrockia exists. The resulting data set also significantly decreased the percentage of missing data for many of the other taxa (supplementary table S1, Supplementary Material online).
The second data set comprises 18S and 28S rDNA sequences that mirror the taxon sampling of the JG07 AA data set. By consulting the composition of the OTUs from the JG07 data set (which included chimeras for 24 of their 60 OTUs), we selected 18S and 28S rDNA sequences that best matched the OTUs represented in the JG07 study. The resulting 60 OTUs and their chimerical composition can be found in supplementary table S1, Supplementary Material online. The third data set assembled is the trimmed AA matrix concatenated with the 60-taxa rDNA data set, creating an alignment consisting of 10,042 characters and analyzed it under ML with a partitioned data set employing WAG þ F þ C and general time-reversible (GTR) þ C models, respectively.
The fourth data set comprises 18S and 28S rDNA sequences from 413 opisthokont (metazoan and fungal outgroup) taxa. This data set includes the most comprehensive taxonomic sampling of myxozoans to date, from both published and newly generated sequences. For this study, we generated nearly complete 28S rDNA sequences for five additional myxozoans and two new nearly complete 18S rDNA sequences. In addition, we included a previously published Buddenbrockia plumatellae 18S rDNA sequence from a specimen both geographically and genetically distinct from that of the newly sequenced Buddenbrockia specimen. Collection information for myxozoan samples examined in this study can be found in GenBank (see supplementary table S2, Supplementary Material online, for accession numbers). In addition, cnidarian taxa (with an emphasis on medusozoans) were intensively sampled. When possible, at least three taxa per class from other metazoans were included (supplementary table S2, Supplementary Material online). Though an effort was made to sample only near-complete rDNA sequences, partial or missing data were allowed for a select number of taxa when it was necessary to produce a taxon sampling complementary to that of the phylogenomic AA data examined (see above).
DNA Isolation, Amplification, and Sequencing Myxozoan DNA was isolated by using a standard phenol/ chloroform extraction protocol as previously reported (Evans et al. 2008) or through digestion of tissue in a DNA lysis buffer containing proteinase K incubated overnight at 37°C followed by 2 min at 94°C (modified from Gleason et al. 2004) . Approximately 1.8 kb of the 18S gene was amplified and sequenced with universal eukaryotic primers and conditions as described by Medlin et al. (1988) but with an annealing temperature of 57°C. Amplification of near-complete 28S sequence (;3 kb) was not only accomplished with an approach modified from that reported Conflict in the Phylogenetic Placement of Myxozoa · doi:10.1093/molbev/msq159 MBE in Collins et al. (2006) but also utilizing previously published primers Myxo28S1F, 28S3R (Whipps et al. 2004 ), Rev2 (Sonnenberg et al. 2007) , and newly designed myxozoan-specific primers (for Buddenbrockia, Bud28s1F: CCGCATAGTTCGTAGAGATGT, Bud28s1R:ACATCTCTAC-GAACTATGCGG, Bud28s2F:TGAACTGGAACGTTTTG-CCA, Bud28s4F:TGTCTGATTTCGTGAGGTGA, Bud28s6F: CAGTTGTACCGTTAAAATGGG, Bud28s7F:ACTCAACCGT-ATAGTCTGGCG, Bud28s9R:ACCTCATGTGCGCTCTAAC-AA, Bud28s12R:TAACCTTAGGTTCCTCATCGC; for Myxobolus and Henneguya, MyxHen28sFWD: ACCAWA-GAGGGTTWTAGTCCCG). Recovery of the 5# portion of 28S for Buddenbrockia and Ceratomyxa shasta samples required an initial amplification of sequences spanning the 3# end of 18S to the universal 28S primer Rev2 (Sonnenberg et al. 2007) . For this, we designed taxa-specific 18S primers (Ceratomyxa, Cs18s3#F1: ATCGCTGTCGTGATTGG; Buddenbrockia, Bud18s3#FWD: CCGATTGAATGACTTAGCGA).
Thermal profiles were either (1) modifications of that reported in Evans et al. (2008) , with variations in annealing temperatures between the range of 45-55°C or (2) consisting of 4 min at 94°C; 5 cycles of 30 s at 94°C, 1 min at 55°C, and 3 min at 72°C; then 3 min at 40°C; a ramp up from 40°C to 72°C at þ0.2°C/s; followed by 30 cycles of 30 s at 94°C, 45 s at 50°C, and 3 min at 72°C; and finally, 10 min at 72°C. In addition, 28S for Tetracapsuloides bryosalmonae was cloned using a Topo TA cloning kit (version O; Invitrogen) according to manufacture's instructions. All gene fragments were purified and sequenced by Cogenics, Inc. (Houston, TX) and assembled and edited using Sequencher v4.5 (Gen Code Corp., Ann Arbor, MI).
Phylogenetic Analyses rDNA sequences were aligned in the program MAFFT (v.6) (Katoh and Kuma 2002) employing the E-INS-i strategy (Katoh and Toh 2008) . In the 60-taxon rDNA data set, the alignment was refined to accommodate at 300 bp insertion in malacosporeans, near to 3# end of the 28S gene. Highly conserved flanking regions were identified and realigned to the existing alignment using MAFFT as implemented in SeaView (v3.2). Ambiguously aligned regions in both 18S and 28S data sets were removed using Gblocks v0.91b (Castresana 2000) under default parameters except with minimum block length set to 5 and allowing up to half the taxa to have gaps. The resulting alignments can be found in TreeBase (#S-10454).
Phylogenetic analyses were performed using ML criteria as implemented in RAxML (v7.0.1) (Stamatakis 2006b) , and Bayesian information (BI) criteria as implemented in PhyloBayes (v.3.2) (Lartillot and Philippe 2004 ). For ML searches using the trimmed phylogenomic data set, we implemented the WAG AA substitution matrix (Whelan and Goldman 2001) with frequencies empirically estimated (þF) and a C model of site heterogeneity with four categories. For ML analyses on 18S and 28S rDNA, the GTR þ C model was employed on the 60-taxon and 413-taxon partitioned data sets. A combined matrix of the 60-taxon rDNA and trimmed phylogenomic data was partitioned and analyzed under the GTR þ C and WAG þ F þ C models, respectively. Two hundred independent ML searches were conducted in RAxML (v.7.0.1) (Stamatakis 2006b) for each data set. We followed the procedure described in Stamatakis (2009) to determine the initial number of rearrangements and the number of categories of the gamma distribution for the ML searches. Ten separate ML searches were run starting from five different randomized maximum parsimony trees. For each tree, analyses were run with the number of initial rearrangements set to 10 and also allowing for automatic setting of the number of rearrangements. Ten rearrangements yielded the highest likelihood in all cases. This value was used in new ML searches, starting from the same MP trees of the previous step with gamma categories set to 10, 25, 40, and 55. The number of categories that yielded the highest likelihood (10 in the case of the 60-taxon EST and 55 both in the case of the 60-taxon rDNA and 413-taxon rDNA) were used in the final ML searches in combination with the number of rearrangements obtained in the previous step. A total of 1,000 bootstrap replicates were performed for each ML search employing RAxML's computationally more efficient CAT approximation of rate heterogeneity (Stamatakis 2006a ) (not to be confused with a similarly named AA substitution model discussed below). Using PAUP* (v 4.0) (Swofford 2001) , PhyUtility (v 2.2) (Smith and Dunn 2008) , and SumTrees (Sukumaran and Holder 2009), bootstrap replicates were summarized with and without the inclusion of Buddenbrockia from each replicate topology.
For Bayesian analyses of the 60-taxon AA trimmed data set, we employed the CAT mixture model as implemented in PhyloBayes (version 3.2b; Lartillot and Philippe 2004 ). The CAT model takes into account differences in AA composition between sites using the Dirichlet process prior over the assignment of sites to profile categories (the number of categories and the assignment are both treated as random variables in this analysis). The CAT model was combined with exchange rates drawn from a Poisson model and Le and Gascuel (LG; model as well as runs in which rate parameters were inferred as free parameters (commonly referred to as GTR or REV). Among-site rate variation was modeled with a Dirichlet process prior (the ratecat option to pb). For each model, ten PhyloBayes runs were performed sampling trees at every tenth cycle. Convergence was monitored using bpcomp. When comparing the runs within each of the models, the mean difference in bipartition frequency was less that 0.2% and at least 1,000 trees were sampled from each of the ten runs before they were terminated. The maximum difference bipartition frequencies was small (5.7% or less) for the runs using the Poisson model, but there were a few splits that displayed substantial variation in the LG and REV model runs. Most importantly for the current study, the Markov chain Monte Carlo (MCMC) error associated with the placement of Buddenbrockia appears to be small (the maximum difference of 6% or less when comparing across ten replicates regardless of the substitution model used). See supplementary table S3, Supplementary Material online, Evans et al. · doi:10.1093/molbev/msq159 MBE for full discussion of bipartitions that varied in frequency between MCMC simulations under the same model.
To assess the influence of particular sites on the competing hypotheses, for each of the two topologies, the log likelihood (ln L) values for each site in the data matrix were recovered in RAxML and the differences in per-site ln L (Dpsln L) for the two competing placements of Buddenbrockia were calculated. To assess the actual effects of extreme Dpsln L on the placement of Buddenbrockia, these values were subsequently extracted from the data matrix, and the culled matrix was reanalyzed under the same conditions.
Performing a sensitivity analysis based on per-site ln L values is not as straightforward in a Bayesian context because the entire distribution of recovered trees needs to be taken into account and the ln L for a site varies over the course of the MCMC run. For estimating per-site ln L values, the optimal ML topology was held constant with branch lengths and model parameters estimated in PhyloBayes under CAT for that particular tree. The same was done for the alternative topology where Buddenbrockia was constrained to the base of Bilateria. After recovering the distribution of per-site ln L values from PhyloBayes (v.3.2) (Lartillot and Philippe 2004) , the maximum and mean per-site log likelihood values and Dpsln L values were calculated. As in the ML analyses, extreme Dpsln L were subsequently removed from the data matrix and the culled matrix was reanalyzed in an unconstrained run using the CAT model with exchange rates designated under a Poisson, GTR, and LG models.
To test for the possible effects of long-branch attraction in the rDNA phylogeny, we conducted parametric bootstrapping (Huelsenbeck et al. 1996 ; ''SOWH'' test of Goldman et al. 2000) . The ML tree was estimated from the 60-taxon rDNA data set in RAxML (v7.2.6) (Stamatakis 2006b ) under the constraint that Buddenbrockia is sister to Medusozoa. One thousand data sets were then simulated. To avoid elevated type I error rates for the simulated data due to too simple of a model of character evolution (Buckley 2002) , the simulated data sets were generated under a complex partitioned model using rDNA secondary structure as a guide. To simulate the evolution of stems in the rRNA molecule we used PHASE version 2.0 (Gowri-Shankar and Jow 2006). The 18S and 28S secondary structure models were used that were originally developed for Cnidaria (Barbeitos M, unpublished data). The structural annotation of this model was exported using the Dedicated Comparative Sequence Editor format (De Rijk and Wachter 1993) to the 28S and 18S sequences of the coral Montastraea cavernosa (GenBank #AY026375) and subsequently expanded to all the other 59 sequences in the 60-taxon alignment. This data set contained sites that were excluded from full analyses on the basis of GBlocks output. These sites were used for parameter estimation of the doublet model (Schoniger and Von Haeseler 1994) , so that both bases involved in each of the stem would be included. Branch lengths for doublet simulation were inferred using the GTR þ C model based on only those stem sites that were included after ''GBlocking'' the matrix so that the simulated data sets were not generated using unrealistic branch lengths that are likely to reflect alignment errors. The sites of the data set that correspond to loops were simulated using Seq-Gen version 1.32 (Rambaut and Grassly 1997) based on GTR þ C parameters and branch lengths estimated by RAxML from the loop subset of the real data set. Finally, to make sure that the null distribution of d was comparable with the d values calculated on the real data, some cells of the simulated data were replaced by missing data codes so that each simulated data set had the same configuration of missing data as the original matrix.
Tree inference on each simulated data set was conducted to find the ML tree for each data set (ten replicates searches in RAxML version 7.2.6 using the GTR þ C model). The model tree was also scored for each data set. ML scores for the inferred trees from the 1,000 data sets were compared with the ML scores of the model trees. For each data set, the difference between the ML scores is a realization from the sampling distribution of d. The frequency distribution of these d values from the 1,000 simulations provide an empirical estimate of the null distribution of the d test statistic that reflects the difficulty of reconstructing a model tree with very long-branch lengths. This allows us to generate a critical value, d*, that corresponds to the 5% tail of the null distribution. The null model for this test is that Buddenbrockia is a cnidarian and that the apparent support for the bilaterian placement is the result of sampling error and/or long-branch attraction.
Parametric bootstrapping was also conducted on the 60-taxon AA data set to assess whether the AA composition of Buddenbrockia was causing it to group with Cnidarians. Data were simulated on a model tree inferred from the protein-coding sequences under the constraint that Buddenbrockia groups with Bilateria (tree searching was conducted in RAxML under the WAG þ F model with the GAMMA option for among-site rate variation; the same tree is found if the CAT option is used for amongsite rate variation). Because we were interested in whether or not the AA composition of Buddenbrockia could be causing placement of that taxon within Cnidaria, we simulated new sequences for Buddenbrockia and kept the rest of the alignment fixed. The simulations were conducted under the WAG model but with equilibrium AA frequencies calculated to generate simulated sequences that were similar in composition to the real Buddenbrockia sequence (see Supplementary Material online for details on the simulation strategy).
Using the program PROCOV v2.0 (Wang et al. 2008) , we evaluated the trimmed phylogenomic AA matrix under a covarion model, an approach that accounts for changes of within-site rates (heterotachy) along the branches of a phylogeny. Though PROCOV v2.0 can perform ML tree searches, the size of the AA data set made this computationally prohibitive. Instead, we calculated likelihood values from existing competing topologies under the covarion model. Specifically, we employed a WAG substitution model and PROCOV's general covarion model (GCM) Conflict in the Phylogenetic Placement of Myxozoa · doi:10.1093/molbev/msq159 MBE (Wang et al. 2007 ) that allows the substitution rates at a site to switch off and on (Huelsenbeck 2002) as well as allowing transitions between different rates, according to a discrete gamma distribution, once a site is turned on (Galtier 2001) . The GCM was implemented with both traditional estimates of rates among sites (RAS) and a gamma distribution with four discrete categories for the covarion model (COV). Topologies were evaluated by calculating maximum ln L values as well as the Dpsln L under both the RAS þ WAG and GCM þ WAG models.
Results
Position of Myxozoa
Our results reconfirm the existence of two competing molecular hypotheses for the placement of Myxozoa (figs. 1-3 and supplementary fig. S1 , Supplementary Material online). Individual analyses of the different data sets produce topologies consistent with previous investigations in which phylogenomic AA data under ML WAG þ F þ C and PhyloBayes' CAT model support a placement of Myxozoa within Cnidaria ( fig. 1A ) and rDNA data, comprehensively sampled or not, under ML GTR þ C model support a basal bilaterian origin of Myxozoa (figs. 1B and 2 and supplementary fig. S1, Supplementary Material online) .
Analysis of the 60-taxon, 7,776 AA data set employing a WAG þ F þ C model under ML criteria and a CAT model under BI criteria resulted in a metazoan topology identical to that reported by JG07 (Jiménez-Guri et al. 2007) (fig. 1A) . In this topology, the enigmatic myxozoan Buddenbrockia plumatellae was recovered as a long-branched taxon sister to the cnidarian clade Medusozoa (Myxozoa þ Medusozoa) with only a 54% bootstrap support in ML and a 0.99 posterior probability for BI ( fig. 1A) . Additionally, pruning Buddenbrockia from each ML replicate before summarizing bootstrap values reveals that the presence of Buddenbrockia significantly compromises support for three nodes, which are as follows (with vs. without Buddenbrockia): Cnidaria (54% vs. 99%), Bilateria (77% vs. 100%), and Protostomia (77% vs. 96%) (fig. 1A) .
Analysis of near-complete 18S and 28S rDNA with a taxonomic sampling mirroring the 60 taxa examined in JG07 (supplementary table S1, Supplementary Material online) using ML employing the GTR þ C model, recovered a long-branched Buddenbrockia falling sister to Bilateria (Myxozoa þ Bilateria) with bootstrap support of 81% ( fig. 1B) . Bootstrap values summarized with and without Buddenbrockia reveal that removing Buddenbrockia increased bootstrap values for several nodes, including Bilateria (70% vs. 100%) (fig. 1B) . Noticeably, absent in this analysis was any change in support for a monophyletic Cnidaria (99%).
ML analysis of the third data set comprising 18S and 28S rDNA markers with a thorough sampling of myxozoans and medusozoan cnidarians as well as a comprehensive sampling of metazoan classes (413 taxa), confirms a monophyletic Myxozoa, recovers Myxozoa falling sister to Bilateria (Myxozoa þ Bilateria) ( fig. 2 and supplementary fig. S1 , Supplementary Material online). Analysis of 18S and 28S markers, individually, also recovered a Myxozoa þ Bilateria placement (not shown). The 18S and 28S analysis recovered a deep divergence between Myxosporea and Malacosporea ( fig. 2 and supplementary fig. S1 , Supplementary Material online). In addition, relationships within myxosporeans recover a primarily marine and freshwater clade consistent with previous studies (Fiala 2006; Bartosov et al. 2009) (supplementary fig. S1 , Supplementary Material online). To minimize potential effects imposed by long-branched clades (Bleidorn et al. 2007; Paps et al. 2009 ), we removed Acoela, Nemertodermatida, Gnathostomulida, Acanthocephala, Bryozoa, Chaetognatha, and Myzostoma and reevaluated the placement of Myxozoa. Results revealed no change in the placement of Myxozoa, which remained sister to Bilateria (topology not shown).
Analysis of the 60 taxon concatenated data set recovered a placement of Buddenbrockia at the base of Bilateria with 84% bootstrap support ( fig. 3 ). With the notable exception of the different placement of Buddenbrockia, we find the bilaterian topology congruent with that recovered in the JG07 study and having greater overall support than either rDNA or AA data when considered alone. Pruning Buddenbrockia from the bootstrap replicates did not affect support values significantly, as was found in the phylogenomic AA data set. All key nodes displayed significant support with or without Buddenbrockia (fig. 3 ).
Hypothesis Testing
When Buddenbrockia was forced to fall inside Cnidaria with the 60-taxon rDNA data set, the ln L score decreased by approximately 21.5. The ML estimate (using the GTR þ C model) of the branch leading to Buddenbrockia in this constrained topology is quite long (over 0.67 expected changes per site). The branch leading to Bilateria is also long (over 0.09 expected changes per site) and is the longest internal branch that is not close to the tips of the tree. Although the difference in ln L score (the d test statistic) appears to indicate strong support for the bilaterian placement, the long branches suggest that this could be an artifact of some form of long-branch attraction in the rDNA analysis.
To assess whether or not the bilaterian placement of Buddenbrockia could be explained by long-branch attraction alone, parametric bootstrapping was performed on 1,000 data sets that were simulated under a complex partitioned secondary structure model on the tree estimated from the rDNA but with Buddenbrockia constrained to be sister to Medusozoa. The simulations indicated some tendency for long-branch attraction to place Buddenbrockia with Bilateria. In 342 of the 1,000 simulations, a tree with Buddenbrockia þ Bilateria had a higher ML score than the model tree. However, the simulations indicate that the degree of support for the bilaterian placement seen in the real data (d 5 21.5) was extremely unlikely under the partitioned stem and loop model that we examined. The critical value, d*, based on our simulations was approximately 7.9, MBE and the largest preference for an incorrect tree was approximately 15.22 (note that this extreme value and critical value include simulations in which any incorrect tree was preferred over the model tree; these values do not reflect only those replicates that preferred a bilaterian placement of Buddenbrockia). None of our 1,000 simulated replicates produced support for an erroneous topology that approach the likelihood difference seen in the real data, and we conclude that the signal supporting the bilaterian placement of Buddenbrockia cannot be explained by long-branch attraction alone.
In examining the AA composition from the 60 taxa in the phylogenomic data set, it was found that the frequency profile of AAs in Buddenbrockia is quite distinct from the other taxa in the analysis (Supplementary Material online) . Given that our analyses were conducted under models that assume that the AA frequencies do not vary over the tree, this could be a source of some of the conflicting signal. Based on Euclidean distances between AA frequency vectors, the planarian Schmidtea mediterranea is the closest in AA composition to Buddenbrockia (0.02236). The next closest taxa in order of Euclidean distances are the medusozoan Hydra (0.023425), the planarian Dugesia (0.024672), and the medusozoan Cyanea capillata (0.025983). If Kullback-Liebler divergence is used rather than the Euclidean distance, the results are similar, though the Cyanea-Buddenbrockia divergence is smaller than the Dugesia-Buddenbrockia divergence.
To assess whether the aberrant AA composition of Buddenbrockia was causing it to group with cnidarians, we conducted parametric bootstrapping for the 60-taxon phylogenomic data set. In all 500 the simulations that we analyzed, the model tree was recovered (Buddenbrockia fell out as sister to Bilateria in the simulations). This indicates that the placement of Buddenbrockia inside Cnidaria in the analysis of real data cannot be explained by the fact that the AA composition of Buddenbrockia is both very different from the other taxa in the analysis and is somewhat closer to cnidarians than it is to most bilaterians.
Identification of Sites Most Influencing Buddenbrockia Placement
To identify and visualize those character sites in the 60-taxon rDNA þ trimmed AA data set most responsible for conflict in the placement of Myxozoa, we compared the topology shown in figure 3 (Myxozoa þ Bilateria) to an identical one generated under the same parameters with the exception that Buddenbrockia was constrained FIG. 3 . ML topology from analysis of a 60 OTU, 10,821 character concatenated rDNA þ AA matrix inferred, respectively, under GTR þ C and WAG þ F þ C models (log likelihood À319,306.808362). Bootstrap support values (based on 1,000 replicates) appear in numerical form for nodes of interest. This includes all nodes whose support is significantly affected when Buddenbrockia is pruned from each replicate before summarizing bootstrap values. In these cases, two bootstrap values appear, the first indicating nodal support when Buddenbrockia's placement is considered and the second displaying support when this taxon is removed.
Conflict in the Phylogenetic
likelihood (Dpsln L) were calculated in RAxML under the WAG þ F þ C model for the two topologies and plotted in figure 4A . For Bayesian analyses using the CAT model, Dpsln L values were calculated for both mean and maximum Dpsln L values from the topology generated in figure 1A but with branch lengths and model parameters estimated in PhyloBayes under CAT ( fig.  4B ). In both Dpsln L distributions, positive y axis values correspond to specific characters that display higher likelihood for the Myxozoa þ Bilateria placement and negative values correspond to those characters that display higher likelihood for the Myxozoa þ Medusozoa topology. Although most of the Dpsln L values appear approximately around 0 for both rDNA and AA matrices, that is, they nearly fit either topology equally well, there are a limited number of sites conferring significantly greater ln L values for one placement over the other ( fig. 4A and B) . As shown in figure  4A for the ML analysis, the Dpsln L outliers in the rDNA are mostly positive, appearing in support of the Myxozoa þ Bilateria topology. By contrast, the AA data displays individual sites with both strongly positive and negative Dpsln L outliers throughout the matrix. Note that the sites supporting the placement of Buddenbrockia with Medusozoa do not cluster spatially in the matrix, suggesting that the conflict cannot be explained by paralogy affecting a small number of loci in the phylogenomic analysis ( fig. 4A ). In addition, among the AA characters, a small portion of negative Dpsln L values (supporting the Myxozoa þ Medusozoa placement) are more extreme than any positive or negative values present in the rDNA data ( fig. 4A ). This is not surprising given that the instantaneous rates of change in AA models are much more variable for different state transitions than the instantaneous rates in DNA models. This means that a topological change that requires an additional rare state transition will have a modest affect on the ln L under a DNA model but can have a dramatic affect under an AA model.
Dpsln L values in Bayesian analyses are more complicated and difficult to interpret because these values are extracted from the distribution of recovered trees. Both maximum and mean Dpsln L values, as calculated using the CAT model in PhyloBayes, were plotted ( fig. 4B ). As evident from figure 4B , there are no striking outliers with mean Dpsln L values (black lines). The maximum values ( fig. 4B , gray lines) display the same general pattern as in the ML analysis but with fewer extreme sites. As in the ML analysis, the Bayesian analyses showed a dispersion of positive and negative Dpsln L values, suggesting that the conflict exists both within and between individual AA markers and is not concentrated to just one or a few separate markers.
To investigate the effects of the extreme Dpsln L values within the phylogenomic AA data set, we removed sites with largest absolute values of Dln L and reran the analyses to look for effects in topology. For the values calculated under ML using RAxML and the WAG þ F þ C model, we sequentially excluded those sites conferring the greatest absolute Dpsln L values, determining that removal of as few as seven character sites changes the placement of Buddenbrockia from within Cnidaria to the competing placement at the base of Bilateria (Myxozoa þ Bilateria), although with a bootstrap support of only 54% ( fig. 5A ). These seven sites (labeled in fig. 4A ) represent 0.09% of the trimmed AA matrix. Bootstrap replicates summarized with and without Buddenbrockia reveal that support for Cnidaria and Bilateria is significantly compromised by the inclusion of Buddenbrockia (fig. 5A) .
The second reanalysis of the AA matrix involved removing 1% (78) of those sites conferring the greatest absolute Dpsln L values under the ML WAG þ F þ C model. Analysis of the remaining 7,698 AA characters (labeled in fig. 4 ) results in a weakly supported (,50%) placement of Buddenbrockia at the base of Metazoa ( fig. 5B) . Bootstrap values summarized with and without Buddenbrockia reveal that removal of these 78 sites did change support for a monophyletic Cnidaria in the absence of Buddenbrockia from 99% ( fig. 1A ) to 77% ( fig. 5B ). No such significant change was observed for any other node in this analysis. Thus, it appears that the 1% of the AA data that most influenced the Myxozoa þ Medusozoa topology includes many characters that significantly contribute to the support for Cnidaria regardless of Buddenbrockia's presence.
Removal of the greatest absolute 1%, 5%, and 10% mean Dpsln L values in the recovered trees under the BI CAT model had no effect on the placement of Buddenbrockia. And although removal of the greatest absolute 1% and 5% maximum Dpsln L values also did not effect the placement of Buddenbrockia, removal of the of the greatest absolute 10% maximum Dpsln L values did change the placement of Buddenbrockia to the alternative hypothesis as sister to Bilateria. Surprisingly, this alternative placement had a 0.97 posterior probability (not shown). These results were consistent under the CAT GTR, CAT Poisson, and CAT LG models.
Testing Topologies under a Covarion Model
Consideration of a covarion model for phylogenetic analyses has been demonstrated as a method to alleviate artifactual placements due to long-branch attraction (Inagake et al. 2004; Wang et al. 2008) . Given the size of the AA matrix, we found that employing the covarion model in a ML search or Bayesian MCMC was computationally prohibitive. Instead, using the program PROCOV (v2.0), we calculated the maximum ln L values for the Myxozoa þ Medusozoa and Myxozoa þ Bilateria topologies under both a traditional estimate of RAS and PROCOV's GCM. Implementation of the WAG þ GCM model reveals that Myxozoa þ Medusozoa remains the ML estimate of the topology. However, higher likelihood values calculated under the WAG þ GCM model suggest that adding a covarion model provides a better fit of the data. In addition, applying the WAG þ GCM model reveals less differences in the overall ln L and a converging number of sites supporting each of the competing topologies when compared with Evans et al. · doi:10.1093/molbev/msq159 MBE the WAG þ RAS model (table 1) . These data thus support the presence of a covarion rate shift in the phylogenomic data set and reveal more conflict in the phylogenomic data set when a covarion model is applied.
Discussion
ML analyses of the combined molecular data, consisting of 10,821 rDNA and phylogenomic AA characters, support the placement of Myxozoa at the base of Bilateria (Myxozoa þ Bilateria) and not within Cnidaria ( fig. 3 ). This placement is consistent with analyses of rDNA data alone (figs. 1B and 2 and supplementary fig. S1 , Supplementary Material online) but contradicts both morphological evidence and analysis of phylogenomic data alone ( fig. 1A) . Parametric bootstrapping on simulations of rDNA data shows some tendency for long-branch attraction but does not support the conclusion that the Myxozoa þ Bilateria placement is solely a long-branch artifact.
Due to having a greater number of independent loci, phylogenomic matrices could arguably have more complex phylogenetic signal than that of ''traditional'' data sets comprising one or a few molecular markers. This was illustrated in the distribution of Dpsln L values for the conflicting placements of Buddenbrockia as sister to Bilateria and sister to Medusozoa ( fig. 4A and B) . Both distributions show little in the way of structure or pattern to suggest that many of the AA protein-coding genes strongly support one competing placement over the other ( fig. 4A and B) . Instead, the AA matrix appears to more or less have an even distribution of characters supporting either a Myxozoa þ Bilateria or Myxozoa þ Medusozoa hypothesis, whereas the rDNA data show a more consistent fit to one topology.
Closer exploration of the phylogenomic AA data also reveals that conflicting signals exist within this data set, despite the high posterior probabilities recovered for the most likely hypothesis of Buddenbrockia as a cnidarian. 
MBE
In the ML analysis under the WAG þ F þ C model, removal of just seven AA sites from the trimmed phylogenomic matrix recovers the alternative Myxozoa þ Bilateria placement ( fig. 5A ). By contrast, the topology from the Bayesian analysis under the CAT model was resistant against removal of extreme sites except for 10% removal of the greatest absolute Dpsln L calculated from the maximum values, the latter of which results in the recovery of the alternative Myxozoan þ Bilateria topology with a 0.97 posterior probability. Thus, analyses under the Phylobayes CAT model were more robust against removal of sites, confirming previous suggestions that employing mixed models, such as CAT, that take into account between-site heterogeneity, outperforms fixed-rate models (Lartillot and Philippe 2004; Brinkmann and Philippe 2008) . The AA frequency in Buddenbrockia is distinct, yet but bears some similarity to cnidarians, suggesting that the placement of Buddenbrockia within Cnidaria could be affected by AA composition. However, parametric bootstrapping on simulated Buddenbrockia sequences indicate that the placement of Buddenbrockia inside Cnidaria analysis cannot be explained by Buddenbrockia's aberrant AA frequency profile.
Last, we note that our study does not address the phylogenetic status of the enigmatic putative cnidarian P. hydriforme. Using the data sets presented here, we found that inclusion of Polypodium 18S rDNA recovered evidence of long-branch artifacts consistent with those found in Evans et al. (2008) . That is, inclusion of Polypodium sequence data fails to exert any specific influence on the placement of Myxozoa, yet Polypodium's relative placement within Eumetazoa is wholly influenced by the presence or absence of myxozoan taxa (not shown). In addition, isolation of 28S rDNA has proven to be problematic (Evans et al. 2008) , and no phylogenomic data are yet available for this taxon. Thus, with but a single marker for such an important, longbranched clade whose placement remains both tentative and uniquely influenced by myxozoans, we feel that more molecular data (rDNA, phylogenomic, or otherwise) is required for Polypodium before the relationship between myxozoans and this enigmatic taxon can be properly addressed.
Conclusions
Given the exceptionally long branches both leading to and within Myxozoa, the phylogenetic placement of this clade remains vulnerable to a number of artifacts including inadequate taxon sampling, insufficient levels of informative independent characters, and artifactual placement due to high rates of sequence evolution. In this study, we explored the influence of these potential problems by improving data coverage, increasing taxon sampling, combining molecular data, exploring the degree to which finite portions FIG. 5 . Condensed ML phylogenies with proportionately accurate branch lengths from analyses under a WAG þ F þ C model of the 60 OTU AA phylogenomic matrix in which the 7,776 AA matrix was modified to exclude characters conferring the greatest absolute Dpsln L values (see fig. 4A ). (A) Topology recovered with the seven greatest absolute Dpsln L values removed (log likelihood À279,077.076111). (B) Topology recovered with 1% (78 sites) of the greatest absolute Dpsln L values removed (log likelihood À275,371.025496). Only bootstrap support values of interest are shown (based on 1,000 replicates). Nodes whose support is significantly affected when Buddenbrockia is pruned from each replicate before summarizing bootstrap values display two values, the first indicating nodal support when Buddenbrockia's placement is considered and the second displaying support when this taxon is removed. MBE of the data were influencing analyses, hypothesis testing through parametric bootstrap analyses, and assessing the performance of models that take into account rate heterogeneity between sites and in different parts of the tree. ML analyses of rDNA and combined rDNA and phylogenomic AA data support, albeit weakly, the controversial placement of Myxozoa as sister to Bilateria. Yet, implementation of the CAT model that takes into account rate heterogeneity across sites appears to improve robustness of the signal in the phylogenomic AA data alone and supports the Myxozoa þ Cnidaria placement, suggesting that the Myxozoa þ Bilateria placement is indeed artifactual. That is, in the case of the rapidly diverging Buddenbrockia, most of the signal has likely been obscured through multiple substitutions and thus employing a more complex model on a large phylogenomic data set likely helps to reveal the small amount of true signal that remains.
There is a significant merit in the assertions of Siddall and Whiting (1999) and Siddall et al. (1995) that the morphological similarities between myxozoan polar capsules and cnidarian nematocysts are compelling synapomorphies. Our analyses of phylogenomic data agree with the findings of Jiménez-Guri et al. (2007) and in conjunction with the morphological evidence support a cnidarian origin for myxozoans. However, robust support for Myxozoa's placement is still lacking and awaits further taxon sampling, especially for phylogenomic data. The existence of a strong signal for Myxozoa þ Bilateria in the rDNA data set and a conflicting signal for both hypotheses within the phylogenomic AA data set results in two well supported but conflicting hypotheses. Our data exploration suggests that this is at least in part due to Myxozoa being a highly divergent taxon. These investigations underscore the problems of analysis of taxa with rapidly diverging rates of evolution that can lead to well-supported artifactual placements and highlight the necessity of adequate taxon sampling, large amounts of sequence data, and more realistic modeling of rate heterogeneity between sites and between different parts of the tree for assessing the phylogenetic placement of highly divergent taxa.
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Supplementary tables S1-S3 and figure S1 are available at Molecular Biology and Evolution online (http://www .mbe.oxfordjournals.org/).
